Viable Supersymmetry and Leptogenesis with Anomaly Mediation 
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The seesaw mechanism that explains the small neutrino masses comes naturally with supersymmetric (SUSY) 
grand unification and leptogenesis. However, the framework suffers from the SUSY flavor and CP problems, 
and has a severe cosmological gravitino problem. We propose anomaly mediation as a simple solution to all 
these problems, which is viable once supplemented by the D-terms for U{1)y and U{1)b-l- Even though the 
right-handed neutrino mass explicitly breaks (7(1) b-l and hence reintroduces the flavor problem, we show that 
it lacks the logarithmic enhancement and poses no threat to the framework. The thermal leptogenesis is then 
made easily consistent with the gravitino constraint. 



The past several years have seen revolutionary progress 
in neutrino physics. The atmospheric neutrinos showed the 
first convincing evidence for neutrino oscillation in the Su- 
perKamiokande experiment [0]. The long-standing solar neu- 
trino problem since 1960s was shown to be due to the neutrino 
flavor conversion by the SNO experiment and all possibil- 
ities other than neutrino oscillation have been excluded by the 
KamLAND experiment [^. All these experiments suggest fi- 
nite but extremely small neutrino mass in the sub-electronvolt 
range, more than a million times smaller than the smallest par- 
ticle mass known before, namely the electron mass. 

The standard framework to understand the newly discov- 
ered neutrino masses and mixings is the seesaw mechanism 
iQ], which comes naturally with the supersymmetric (SUSY) 
grand-unified theories (GUT). Here, SUSY plays a dual role: 
it stabilizes the hierarchy and makes the gauge coupling con- 
stants unify. Furthermore, the seesaw mechanism predicts 
new heavy particles, right-handed neutrinos, whose decay can 
potentially produce the baryon asymmetry of the universe 
1^]. This possibility is called leptogenesis, which requires 
Trh > 4 X 10^ GeV to generate the observed baryon asym- 
metry [|| The combination of seesaw, SUSY GUT, 
and leptogenesis is further supplemented by the possibihty of 
SUSY dark matter, which predicts the cosmic abundance of 
the dark matter particle in the right ballpark. 

There are, however, severe problems with this attractive 
framework. SUSY tends to induce unacceptably large flavor- 
changing and CP-violating effects; SUSY flavor and CP prob- 
lems [^. Generic SUSY parameters imply a lower limit 
on the masses in excess of 100 TeV, making supersymme- 
try not a viable mechanism to stabilize the electroweak scale 
mz — 91 GeV. It is customary to make an ad hoc assump- 
tion of the universal scalar mass at the GUT- or Planck-scale 
to avoid the flavor problem. However, the rates of Lepton Fla- 
vor Violation (LFV) processes are typically predicted to be 
too high in SUSY-GUT models based on the seesaw mech- 
anism and flavor symmetries even with the universal scalar 
mass ||^]. At the same time, SUSY predicts the existence of 
the gravitino, the superpartner of the graviton. Once it is pro- 
duced in early universe, it decays only by the gravitational 
interaction and hence slowly, upsetting the success of BBN 
| pX| ] . The gravitino yield is larger for higher reheating tem- 



peratures. A detailed analysis including the hadronic decay 
of gravitino shows a very tight upper limit Tj^h ^10^ GeV 
| |ll| ] for m3/2 = 0.1-1 TeV as commonly assumed in the lit- 
erature. Therefore the leptogenesis appears incompatible with 
the gravitino problem. 

There had been suggestions to achieve leptogenesis at a rel- 
atively low temperature (for a compilation of proposals, see 
ijl^]). In particular, coherent oscillation of right-handed scalar 
neutrino [ [l3| ] had been considered a natural possibility, and it 
may even be the inflaton Jl4| ] . However, this proposal requires 
the reheating temperature to be above 10® GeV [|5]] which is 
still in conflict with the gravitino problem. More recent sug- 
gestions include the gravitino LSP JT^, but even this case is 
getting tightly constrained. 

In this Letter, we revisit these problems and propose a 
simple solution: anomaly-mediated supersymmetry breaking 
p^ , p^ . It predicts a heavy gravitino that decays before 
BBN and makes leptogenesis viable. It solves the flavor 
and CP problems automatically if supplemented by the UV- 
insensitive ZJ-terms [|l9||. Even though the strict version of 
the UV-insensitive anomaly mediation requires B — L conser- 
vation, it was pointed out that the seesaw mechanism can be 
used with minimal flavor-changing effects [|l9|]. However, the 
details of reintroduced flavor-changing effects had not been 
worked out. We present consequences of the seesaw mech- 
anism on LFV. We find that the LFV effects lack logarith- 
mic enhancements unlike in conventional supergravity-based 
scenarios and hence are easily compatible with current limits. 
Therefore this framework preserves all virtues of anomaly me- 
diation to solve the SUSY flavor and CP problems and makes 
the thermal leptogenesis viable. On the other hand, the small 
LFV may lead to a signature observable in the near future. 

Let us set up notations to discuss seesaw mechanism with 
SUSY GUT. The relevant part of the superpotential is 



(1) 



We use the basis where the right-handed neutrino masses 
Ma are diagonal and real positive. The light neutrino 
mass is then obtained by integrating out Na, {'m^)ij — 
hiahja{Hu)'^ /Ma- Therefore the light neutrino masses 
are suppressed relative to the other quark and lepton masses 



2 



by the inverse power of Ma- In order to obtain the heavi- 



est mass m3 ^ yAr 



0.05 eV, we find A/3 < 6 



10^* GeV, which can be induced from the grand-unification 
scale Mgut lO^^ GeV. 

How do we solve the SUSY flavor and CP problems, while 
make the leptogenesis consistent with the gravitino prob- 
lem? There is a promising mechanism to make the whole 
framework consistent. Anomaly mediation of SUSY break- 
ing [ p^ |l8| induces the SUSY breaking effects from the su- 
perconformal anomaly, and hence they are determined solely 
by physics at the energy scale of interest. When applied to 
the SUSY standard model, it automatically solves the serious 
flavor and CP problems. Because the anomaly is a quantum 
effect and hence loop-suppressed, the typical SUSY masses 
are smaller than the gravitino mass by (47r)^, implying that 
the gravitino is heavy, 7713/2 — 100 TeV. Such a large mass al- 
lows the gravitino to decay before BBN, and hence the grav- 
itino is harmless. The only constraint is that stable Lightest 
Supersymmetric Particle (LSP) from the gravitino decay does 
not provide too much dard matter of the universe. It requires 



Trh < 2.1 X 10^" GcV I 



rriLSP 



100 Gev) 



(2) 



This constraint can be satisfied together with the requirement 
for the thermal leptogenesis Trh > 4 x 10^ GeV. The upper 
bound on the LSP mass, mLSP ^ 500 GeV, is derived from 
the consistency between those two requirements, by assuming 
there is no significant annihilation after the gravitino decays. 

Despite these attractive features, anomaly mediation has 
not been used widely in the literature because of several ini- 
tial problems. The slepton mass-squared comes out negative, 
breaking the electromagnetism spontaneously. Many fixes 
proposed in the hterature [|l||||3],g, |5[||,|7|,|||^ 
unfortunately spoils the UV insensitivity and hence reintro- 
duces the flavor and CP problems, unless i?-parity is vio- 
lated [^. On the other hand, the addition of D-terms for 
U{1)y and U{1) b-l can make the slepton mass-squared pos- 
itive [^Itl, and furthermore the UV insensitivity is preserved 
Jl^]. The viable electroweak symmetry breaking was demon- 
strated only recently | |3^ ] which goes extremely well with the 
low-energy limit of the Minimal Fat Higgs Model |33|. Even 
though the original setting relied on extra dimensions [[T7|], 
it can now be constructed in a purely four-dimensional set- 
ting together with the required D-terms [Q. Therefore, 
anomaly mediation can be finally regarded as a consistent and 
viable framework of supersymmetry breaking. 

The ?7(1)b_l gauge invariance is broken at some high 
scale, and its only remnant is its D-X&rm Vb-l = 9^0^Db-l 
and an accidental global non-anomalous U{1)b-l symme- 
try to ensure the UV insensitivity. The Kahler potential 



Id' 



for a matter field of B — L charge qi gives 



a contribution to its mass-squared {mf)D = —QiDB-L (there 
is also Fayet-Illiopoulos term for U{1)y fliat is not relevant in 
this paper). On the other hand, the seesaw mechanism breaks 
B — L explicitly by the Majorana mass of right-handed neu- 



trinos, and reintroduces the flavor violation in a highly con- 
trolled fashion. This effect had not been worked out quanti- 
tatively in the original work 1 19|, and we study it in detail in 
this Letter 

We first derive the expression of the threshold corrections 
from the right-handed neutrinos. The correction to the slep- 
ton mass matrices due to the B — L breaking in right-handed 
Majorana masses can be worked out using the "analytic con- 
tinuation into superspace" used extensively in anomaly 
mediation [|l9[ ^ |^. Ma in Eq. ^ are the only B - L 
violating parameters in the theory. Using the fictitious gauge 
invariance A^a e'i''^Na, e^«-^ e'^' e^^^-^e^'^, and 
Ma Mce"*^*"^, it is clear that the only combination that 
can appear in the low-energy theory is M*e^'^'^"^^-^ Ala- It 
appears in the Kahler potential for the left-handed leptons Li 
and Hu at the one-loop level 



7° 



■Ma 



(3) 



qa = +1 is the B — L charge of the Na superfield. fi is 
the renormalization scale. The wave-function renormalization 
factor is for the case of massless right-handed neutrinos 
and exact U {1)b^l invariance, and hence gives a fully UV in- 
sensitive supersymmetry breaking. The second term subtracts 
the contribution of the right-handed neutrinos between their 
mass thresholds Ma and the renormalization scale /i ^ Ma- 
Here, the vector superfield Vb-l contains the required D- 
term, and makes Ma dependence invariant under the (spu- 
rious) U{1)b-l symmetry. It induces the correction to the 
left-handed slepton mass-squared matrix. 



x ^ hiahja 
- 2^74^ 



B-L- 



(4) 



Note that there is no flavor-violating correction to the right- 
handed sleptons. Corresponding formula in the minimal su- 
pergravity (mSUGRA) that assumes the universal scalar mass 
is 



Ato?„ 



E ^(3-0 + ^^) log ^ 



(47r)2 



Ml 



(5) 



where toq is the universal scalar mass at the ultraviolet cutoff 
A[/y and Aq the universal trilinear coupling. 

There are several remarkable aspects in Eq. (Q). First, there 
is no logarithmic enhancement. In contrast, the usual super- 
gravity theories are UV sensitive and hence the contributions 
of the right-handed neutrinos are enhanced by log(A(7y jMa) 
as seen in Eq. (|]). Therefore the size of possible LEV is under 
a much stronger control in the anomaly mediation. Related to 
the aspect, Eq. (Q) is independent of physics above the right- 
handed mass scale since the contribution originates from the 
threshold effect of Na as we see below in the explicit dia- 
grammatic calculation. In the mSUGRA, in contrast, we need 
to know the theory above Ma, especially above Mqut, to 
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Point I 

tan/3 = 0.9 
m3/2 = 47 TeV 


Point II 

tan /3 = 5 
m3/2 = 142 TeV 


BR{fi 67) 


1.6 X 10-*|/iic«ftLI^ 


3.9 X 10-^|fti„/iLP 


BR{fi e; Al) 


5.4 X 10-">i„/iLI' 


8.9 X 10-iO|/iic/iLI' 


BR{t ^ ^^7) 


8.3 X 10-^°lft2cftLP 


6.5 X 10-8|/l2c/l3aP 



TABLE I: The branching ratios of the LFV processes are shown in 
the two points of the parameter space chosen in |p2|. The branching 
ratios scale as m^y* and tan^ (3. 



FIG. 1 : The Feynman diagrams which contribute to the slepton soft 
masses. 
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calculate Amfj by carrying out the integration of the renor- 
malization group equations with initial conditions given at the 
Planck scale. Second, the corrections do not depend on the 
mass of the right-handed neutrinos Ma exphcitly (but implic- 
itly through hia once the light neutrino masses are held fixed). 
Once we observe LFV processes and measure the branching 
ratios, the simple structure of Amfj in Eq. enables us 
to extract easily the the Yukawa matrix hia which has im- 
portant information on the origin of the large mixing among 
neutrinos, i.e., whether the large mixing comes from the left- 
handed lepton sector, the right-handed neutrino sector, or both 
sectors. Third, because the corrections are suppressed by the 
one-loop factor relative to the leading anomaly-mediated con- 
tributions thanks to the absence of the logarithmic enhance- 
ment, the leading-order trajectory of the soft SUSY breaking 
parameters is still strictly that of the UV insensitive anomaly 
mediation. Finally, even if there is a flavor-violating interac- 
tion between quarks and leptons below Ma (i.e., leptoquarks), 
the induced flavor-violation in quarks is at most of the order 
of Amfj above, while the squarks are heavier than the typical 
size of Db-l by a factor of g'^/ g"^. Therefore it will not pose 
a serious threat. 

There is a corresponding correction to the Higgs mass 



Am 



i.a 



(4^ 



'-Db- 



L- 



(6) 



However, this is a loop-suppressed effect relative to the lead- 
ing anomaly-mediated contribution, and does not lead to 
flavor-violating effects. It can be safely ignored for all practi- 
cal purposes. 

Because the absence of the logarithmic enhancement is a 
striking result, it is useful to examine it with the conventional 
Feynman diagrams shown in Fig. |l|. We use regularization by 
dimensional reduction (DRED) in D — 4 — 2e dimensions to 
perform loop integrals. Because the anomaly-mediated pieces 
due to the neutrino Yukawa couplings are canceled exactly by 
the threshold corrections [|6[ we only consider Z?-term 
contributions to the scalar masses-squared, for Na, iTiji^^ 
for Hu, and for Li (of course mj^ oc qn^ = 0, but we 
retain it for the clarity of presentation). The sum of all boson 



ihia hja 

(47r)2-^ 



-2m„ 



Af2 

+ mi) ( - + l-7-log^ 



-{2Ml + ml^ 



while the fermion loop gives the correction at = 0, 



,(7) 



^"^(-2M2) i + l-7-log^). (8) 



(47r 



Finally the leading q^ dependence of the two-point function is 



yh^ah^. ^i + l-7-log^ 



2-£ 



(9) 



which gives the wave function renormalization factor Putting 
them together, the final correction to the slepton masses- 
squared is 



9 'ihiah: I ^ 



Ml 



+ (™h„+<+<) (^- + l-7-log-^j j.(10) 

Because the _D-term contributions satisfy + + = 
^{qHu + Qa + Qi)DB-L = due to the B — L conservation 
of the Yukawa coupling, the logarithmic piece automatically 
cancels, and the result agrees with the spurion method. 

Using our result Eq. (Q), we list in Table | the branching 
ratios of the /i ^ 67 decay, the n ^ e conversion process 
in Al nuclei |]3^], and the t ^ fi'j decay using representative 
parameter sets point I and II worked out in [B4] |50|. For 



other parameter sets, the branching ratios can be estimated by 
the scaling of 'm~^^ and tan^ /?. 

To get a sense on the size of LFV, we consider a simple neu- 
trino mass model based on flavor U{1) symmetry that is con- 
sistent with leptogenesis. It assigns the flavor C/(l) charges 
Li(l), L2(0), L3(0), Ni(2), iV2(l), iV3(0). The flavor U{1) 
is assumed to be broken by an order parameter e ~ 0.1. The 



4 



Yukawa matrix is 



/.3 



e e 

2 , 



V 



(11) 



while the right-handed neutrino masses are Mi : M2 : M3 ~ 
e"* : : 1. The top Yukawa coupHng is approximately 
ht{M^) ~ 0.6 for tan /? > 5. The light neutrino masses from 
the seesaw mechanism are 



nil, oc 




(12) 



This type of model was considered in [|40||, and can success- 
fully produce the observed baryon asymmetry from the decay 
of Ni. Note that the mass of A^i is about 10^° GeV and is 
allowed by the gravitino constraint Eq. (|^) from the overclo- 
sure by the LSP. We find - hl[Mz)e ~ 0.036 in 

this model [^]. Thus the branching ratios are roughly esti- 
mated to be 10"" (point I) and 10"^° (point II). By taking 
into account the 0(1) ambiguity in the model parameters, the 
predictions are comparable to the current experimental upper 
bound 1.2 x 10"^^ pl|]. In both points, observation of the 
/i ^ 67 decay in the planned experiments [ p^ |43| ] is quite 
promising. Also, the values for t ^ and /i — ^ e con- 
version are in the interesting range for on-going or 
future ^ experiments, respectively. 

The corresponding analyses have been done in the 
mSUGRA, and stringent bounds on the model parameters are 
obtained since the logarithmic factor in Eq. gives O(IOO) 
enhancement in BR{ii 67). The situation is particularly 
severe in models with Yukawa unification and flavor symme- 
tries [^. With fixing tan/3 and the SU(2)l gaugino mass M2 
to be tan (3 = 3 and M2 = 150 GeV, the lower bound on the 
scalar electron mass is found to be more than 1 TeV for the 
same Yukawa couplings as above. The bound is more severe 
for larger values of tan (3. Too large LEV is a generic fea- 
ture in the mSUGRA with the seesaw model when the right- 
handed neutrino scale is relatively high, unless we assume a 
specific texture of the Yukawa matrix or a cancellation 
among the diagrams [Q. It is interesting to recall that the 
universal scaler mass is introduced by hand to avoid too large 
ECNC in the mSUGRA. However, the prescription is insuffi- 
cient in the seesaw model. The situation is significantly im- 
proved in the anomaly mediation because of the absence of 
the logarithmic factor. 

In conclusion, we have presented a framework where SUSY 
flavor and CP problems are automatically solved and the 
thermal leptogenesis is made consistent with the gravitino 
constraint. It relies on UV insensitive anomaly-mediated 
supersymmetry breaking supplemented by the Z?-terms for 
U{1)b-l and U{1)y- The right-handed neutrino mass explic- 
itly breaks U{1)b-l and reintroduces the lepton flavor viola- 
tion (LEV), but it lacks the logarithmic enhancement unlike 
in mSUGRA. Therefore the size of LEV is easily consistent 



with the current limits while it is already threatening in the 
mSUGRA for the same neutrino parameters. Also, calcula- 
tion of the LEV processes is less ambiguous in the framework, 
since the corrections to the slepton masses are independent of 
physics above the mass scale of the right-handed neutrinos. 
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